■ INTRODUCTION
Production of linear α-olefins (LAOs) through ethylene oligomerization is an important issue in both industry and academia, 1−6 and development of efficient catalysts for this process is an active research area. 7−22 LAOs are used in the polyolefin industry as comonomers, and demand for them has increased with the increase in polyolefin production using the homogeneous metallocene-type catalysts. Recently, LAOs have also been used in the production of poly(α-olefin) lubricant base-stocks. 23 LAOs can be separated from wide-distribution mixtures of 1-alkenes that are produced using nickel catalysts via the Shell higher olefin process. 24, 25 Catalysts that can selectively generate 1-hexene or 1-octene from ethylene have also been discovered. For example, a trimerization catalyst composed of pyrrole, (2-ethylhexanoate) 3 Cr(III), and an alkylaluminum reagent (Et 3 Al + Et 2 AlCl) was discovered at Phillips in the early 1990s, 26−28 and a tetramerization catalyst composed of iPrN(PPh 2 ) 2 (1), Cr(acac) 3 , and methylaluminoxane (MAO) was discovered at Sasol in the early 2000s. 29−33 There is some controversy concerning the active species in these selective oligomerization catalysts. Electron paramagnetic resonance (EPR) studies showed that the majority of Cr III precursors were converted to EPR-silent Cr II by the action of the alkylaluminum cocatalyst. 34−36 On the basis of this observation, a catalytic cycle involving the Cr II/IV species was proposed, 37, 38 but a catalytic cycle involving the cationic Cr I/III species paired with a MAO-derived noncoordinating anion is currently more generally accepted (Scheme 1). 34,35,38−40 We recently prepared various zwitterionic Cr II complexes, but none of them were active in ethylene oligomerization, convincing us of the validity of the catalytic cycle involving cationic Cr I/III species. 41 Although the Phillips system requires inexpensive alkylaluminum Et 3 Al and Et 2 AlCl as an activator, the use of expensive MAO in excess (Al/Cr, 300−500) is a critical concern when considering the commercial application of the Sasol system. A catalytic system containing [Ph 3 − /Et 3 Al) was proposed on the basis of the aforementioned catalytic cycle involving cationic Cr I/III species, but its activity was significantly inferior to that of the MAO-derived system and resulted in the generation of a large amount of polyethylene (PE). 42 Its failure was attributed to the instability of [B(C 6 F 5 ) 4 ]
− anions, and efforts were made to develop other types of noncoordinating anions, leading to the development of catalytic systems containing [Al(OC(CF 3 ) 3 ) 4 ]
− anions (e.g., CrCl 3 (THF) 3 43, 44 Herein, avoiding the use of highly reactive [Ph 3 4 ] − anions, which showed high activity even when activated with a common trialkylaluminum agent (Scheme 1). 45 There have been several previous reports of cationic Cr III T h e k e y c o m p l e x i n t h i s s y n t h e t i c s c h e m e , [(CH 3 CN) 4 50, 51 In this work, the molecular structure of the silver complex was unambiguously confirmed by X-ray crystallography (Figure 1a) . 52 The key complex [(CH 3 CN) 4 4 ] − in CH 2 Cl 2 , the color of the solution immediately changed from olive green to brown and eventually became bluish-green after several hours. Bluish-green solids were isolated almost quantitatively by trituration in hexane, but various attempts to grow single crystals for X-ray crystallography were unsuccessful; bluish-green oils were deposited in most cases. After replacing the coordinating acetonitrile with THF, pale blue-colored and plate-shaped single crystals suitable for X-ray crystallography were obtained, the structure of which was elucidated to be that of the desired [ species, the mole ratio of the reactants was set at 1:2. A green species was extracted from the reaction mixture using hot m e t h y l c y c l o h e x a n e ( c a . 5 0°C ) w h i l e l e a v i n g [(CH 3 CN) 4 − on the basis of its green color and elemental analysis data and was used for oligomerization studies. The complex is clearly soluble in hot methylcyclohexane (ca. 50°C), but the solution becomes turbid by the formation of a dispersion of fine particles upon cooling to room temperature. It is freely soluble in hydrocarbon solvents bearing π-electrons such as toluene or cyclohexene, even at room temperature. 
Preparation of the cationic (PNP)Cr
III complex containing an ortho-dimethylaminobenzyl ligand instead of chloride was attempted (Scheme 2b). The starting Cr-precursor, (oMe 2 NC 6 H 4 CH 2 ) 3 Cr, was prepared by reacting CrCl 3 (THF) 3 with o-Me 2 NC 6 H 4 CH 2 Li. 56 The pure complex was isolated by recrystallization in CH 2 Cl 2 at −30°C, and its molecular structure was unambiguously confirmed by X-ray crystallography ( Figure 1c . All attempts to grow single crystals of this complex were unsuccessful and, furthermore, the color of the solution changed during the recrystallization process, indicating that it is unstable. Thus, PNP ligand 1 was subsequently added to the CD 2 Cl 2 solution c o n t a i n i n g t h e u n p u r i fi − were grown in THF at − 3 0°C a f t e r t h e a c e t o n i t r i l e l i g a n d s i n [(CH 3 CN) 4 Cr
− were replaced with THF. The Cr III center adopts perfect octahedral geometry surrounded by two chloride and four THF ligands ( Figure  2b ). The four THF ligands form a plane with the Cr center, whereas the two chloride ligands are situated at the axial sites in trans configuration. The oxygen atoms in THF adopt sp 2 hybridization, that is, the sum of bond angles around O is 360°, indicating π-donation from O to the Cr III center. The structure of (o-Me 2 NC 6 H 4 CH 2 ) 3 Cr is shown in Figure 1c . The Cr center adopts distorted octahedral geometry with facial arrangement of three benzylic CH 2 groups and three amine ligands. The plain formed by the three carbon ligands is parallel to the plane formed by the three nitrogen ligands (the angle between the C(1)−C(10)−C (19) and N(1)−N(2)−N(3) planes, 0.90 (6) III center (the angle between the P−Cr−P and O−Cr−O planes, 4.02(9)°) in the former case, and the two PNP ligands form a rather distorted plane with the Cr III center in the latter case (the angle between the P(1)−Cr−P(2) and P(3)−Cr−P(4) planes, 8.52(7)°). The two chlorides occupy the axial sites almost linearly (the Cl− Cr−Cl angles, 179.59 (7) and 171.97(9)°). In both cases, the sum of the bond angles around the nitrogen atom in the PNP ligand is 360°, which indicates the delocalization of the nitrogen lone pair through phosphorous atoms by adopting sp 2 3 Al (77 and 84 kg/g-Cr/h, entries 12 and 13). The activity achieved is ca. 50% that is attained with the original MAObased Sasol system (1/Cr(acac) 3 /MAO) under otherwise identical conditions (163 kg/g-Cr/h, entry 16). Furthermore, the performance of this catalytic system exhibits negligible deactivation over the rather long reaction time of 1.5 h; the ethylene consumption and hence the productivity increase almost linearly with time and reach 134 kg/g-Cr by running the oligomerization for 1.5 h (entry 14, Figure 3a) . Another advantage of this system is that unwanted side products above C10 (labeled as ">C10" labeled in Table 1 MAO) in methylcyclohexane (168 vs 163 kg/g-Cr/h). The same high activity is attained when activator iBu 3 Al is replaced with the more common and cheaper Et 3 Al (entry 19) and, moreover, the catalyst deactivation is negligible over the course of 1 h oligomerization (entry 20, Figure 3b ). The π bond in cyclohexene does not participate in product formation; no additional signals are observed in the gas chromatography (GC) chart with the use of cyclohexene instead of methylcyclohexane ( Figures S2 and S3 ). The formation of slightly fewer unwanted side products >C10 (5.3−8.0%) and formation of negligible amounts of PE (0.1−0.3%) are other advantages observed for the use of cyclohexene. Cyclohexene is an inexpensive and abundant chemical currently used in industry on a large scale, and its boiling point is different from those of the products 1-hexene and 1-octene (83, 63, and 121°C, respectively), facilitating separation of products and solvent. Hence, it may be possible to use cyclohexene as the solvent in the ethylene tetramerization process. Interestingly, the MAO-based original Sasol system also showed 1.6 times higher activity in cyclohexene than in methylcyclohexane, which was originally reported to be the best choice of solvent (257 vs 163 kg/g-Cr/h, entry 21). − , a set of −C 6 F 5 signals are clearly observed at −132 (ortho), −161 to −163 (para), and −164 to −167 (meta) ppm (Figure 4a,b) . In the 19 3 Al showed high activity in the more desirable aliphatic hydrocarbon solvent methylcyclohexane (89 kg/g-Cr/h) and, moreover, showed much higher (2 times) activity in cyclohexene (168 kg/g-Cr/h), which is as high as that exhibited by the original MAO-based Sasol system (1/Cr(acac) 3 ■ EXPERIMENTAL SECTION General Remarks. All manipulations were performed under an inert atmosphere using a standard glove box and Schlenk techniques. Methylene chloride, acetonitrile, chlorobenzene, and CD 2 Cl 2 were stirred over CaH 2 and transferred to the reservoir under vacuum. Toluene, hexane, THF, and C 6 D 6 were distilled from benzophenone ketyl. Methylcyclohexane (anhydrous grade), toluene, and cyclohexene used for the oligomerization reactions were purchased from Aldrich and purified over a Na/K alloy. Ethylene was purified by contact with molecular sieves and copper for more than 12 h under 40 bar pressure. The 1 H NMR (400 MHz), 13 C NMR (100 MHz), and 31 P NMR (162 MHz) spectra were recorded on a Varian Mercury plus 400 spectrometer. Elemental analyses were carried out at the Analytical Center, Ajou University. GCflame ionization detection (GC-FID) analysis was performed on an YL instrument 6500GC system equipped with a HP-PONA (50 m × 0.200 mm × 0.50 μm) column. CrCl 3 (THF) 3 4 [B(C 6 F 5 ) 4 ] (2.54 g, 2.67 mmol) in acetonitrile (15 mL) was added to a solution of CrCl 3 (THF) 3 (1.00 g, 2.67 mmol) in acetonitrile (15 mL). AgCl immediately precipitated as gray solids. After stirring overnight, the precipitates were removed by filtration. The filtrate was concentrated in vacuo to give a residue that was redissolved in acetonitrile (ca. 4 mL). Green thin needle-shaped microcrystals were deposited when the solution was kept in a freezer at −30°C. The deposited green microcrystals were isolated by decantation (1.55 g, 60%). ): C, 39.78; H, 1.25; N, 5.80%. Found: C, 39.55; H, 1.65; N, 6.17%. The isolated solid (1.00 g, 1.04 mmol) was dissolved in THF (10 mL). The solution was concentrated in vacuo to give a residue that was redissolved in THF (ca. 3 mL). Crystals suitable for X-ray crystallography were deposited when the solution was kept in a freezer at −30°C. The deposited pale pink needle-shaped crystals were isolated by decantation (0.430 g, 38%). Anal. Calcd for [(THF) 4 5 mL) . Upon addition, the color of the solution changed immediately from olive green to brown and finally became bluish-green after 3 h. The solvent was removed under vacuum to obtain an oily residue, which was redissolved in methylene chloride (ca. 1.0 mL). The solvent was then completely removed under vacuum. The residue was triturated in hexane to isolate a bluish-green solid (0.254 g, 94%). Anal. Calcd for C 55 − (0.200 g, 0.183 mmol) in methylene chloride (2 mL). The resulting solution was stirred overnight. After filtration, the volatiles in the filtrate were removed under vacuum to obtain a brown oily residue, which was redissolved in methylene chloride. After all volatiles were completely removed under vacuum, the residue was dissolved in methylene chloride (0.4 mL). Layer diffusion of hexane (1 mL) afforded yellow needle-shaped crystals that were suitable for X-ray crystallography (0.116 g, 38% . Hexane (10 mL) was added to dissolve the product. After the insoluble impurities were removed by filtration, the solvent was removed under vacuum. The residue was dissolved in methylene chloride (10 mL) and acetonitrile (10 mL) was added to precipitate solids. The precipitated white solids were redissolved in methylene chloride (10 mL), and acetonitrile (10 mL) was again added to precipitate solids, which were isolated by filtration (0.593 g, 68%). 4 ] − (0.220 g, 0.228 mmol) in methylene chloride (3 mL). Upon addition, the color of the solution changed immediately from olive green to bluish-green and finally became green after 3 h. After stirring for 3 h, the volatiles were removed under vacuum. The residue was redissolved in methylene chloride (3 mL) and all volatiles were completely removed to obtain a bluish-green residue. Methylcyclohexane (10 mL) was added, and the product was dissolved by heating to ca. 50°C using a heat gun. The solution was filtered through Celite while it was hot. The solvent was then removed under vacuum, and the residue was redissolved in hot methylcyclohexane (10 mL). The solution was again filtered through Celite at ca. 50°C to remove any insoluble impurities. Removing the solvent under vacuum afforded a greenish waxy solid (0.147 g, 73% 3 Cr. 56 n-BuLi (2.5 M in hexane, 10.3 g, 37.2 mmol) was added to a solution of N,N-dimethyl-otoluidine (5.00 g, 37.0 mmol) in a mixture of hexane (20 mL) and diethyl ether (10 mL). After stirring overnight at 45°C, the generated solids were isolated by filtration. The isolated pale yellow solid (2-dimethylaminobenzyllithium, 4.23 g, 30.0 mmol, 81%) was dissolved in THF (30 mL), and the resulting solution was added to a stirred suspension of CrCl 3 (THF) 3 (3.74 g, 9.98 mmol) in THF (30 mL) at −78°C. Upon stirring at −78°C for 1 h, the color of the solution changed from bright purple to dark orange. The reaction mixture was then warmed to room temperature and stirred overnight. The color of the solution changed from dark orange to dark red. The solvent was removed under vacuum to obtain the solids that were washed with diethyl ether (60 mL). Methylene chloride (100 mL) was added to dissolve the product, and insoluble byproducts were removed by filtration. The solvent was removed under vacuum to obtain a red solid (3.31 g, 73%). The product was further purified by recrystallization from methylene chloride at −30°C. 2 (0.193 g, 0.220 mmol) in methylene chloride (2 mL) was added dropwise. Upon addition, the color of the solution changed immediately from violet to dark orange and became green after stirring overnight. All volatiles were removed under vacuum. Methylcyclohexane (10 mL) was added, and the product was dissolved by heating to 50°C with a heat gun. The solution was filtered through Celite while hot. Removing the solvent under vacuum afforded a greenish waxy solid (0.280 g, 68%), which was used for the oligomerization studies without further purification and characterization.
Typical Procedure for Ethylene Oligomerization (Entry 19 in Table 1 ). In a glove box, a dried 75 mL bomb reactor was charged with cyclohexene (19 mL) and Et 3 Al (0.450 mmol). The reactor was assembled and removed from the glove box. The reactor was then heated to 35°C using an oil bath. The chromium complex (1.5 μmol) dissolved in cyclohexene (1 mL) was injected into the reactor using a syringe. Ethylene gas (45 bar) was immediately fed into the reactor. The temperature immediately increased to 45°C owing to the generated heat. Ethylene consumption was monitored using a MFC under a constant pressure of 45 bar. After conducting the oligomerization at 45°C for 30 min, the reactor was cooled with an ice bath and the ethylene gas was vented off. Ethanol (2 mL), aqueous HCl (10%, 2 mL), and nonane (0.700 g) as an internal standard for GC analysis were successively added. The organic upper layer was taken for GC analysis.
X-ray Crystallography. Reflection data were collected at 100 K on a Bruker APEX II CCD area diffractometer using graphite-monochromated Mo Kα radiation (λ = 0.7107 Å). Specimens of suitable quality and size were selected, mounted, and centered in the X-ray beam with the aid of a video camera. The hemisphere of the reflection data was collected as φ and ω scan frames at 0.5°/frame and an exposure time of 10 s/frame. The cell parameters were determined and refined using the SMART program. Data reduction was performed using SAINT software. The data were corrected for Lorentz and polarization effects. An empirical absorption correction was applied using the SADABS program. The structures of the compounds were solved by direct methods and refined by full matrix leastsquares methods using the SHELXTL program package with anisotropic thermal parameters for all nonhydrogen atoms. Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre. Crystallographic data for [(CH 3 CN) 4 
